Abstract
Two meteor radars with enhanced power and sensitivity and located at closely conjugate latitudes (54.6 o N and 53.8 o S) are employed for inter-hemispheric comparisons of mean winds and planetary wave structures. Our study uses data from June 2008 through May 2010 during which both radars provided nearly continuous wind measurements from ~80 to 100 km. Monthly mean winds at 53.8 o S exhibit a somewhat stronger westward mean zonal jet in spring and early summer at lower altitudes and no westward monthly mean winds at higher altitudes. In contrast, westward mean winds of ~5-10 ms -1 at 54.6 o N extend to above 96 km during late winter and early spring each year. Equatorward monthly mean winds extend approximately from spring to fall equinox at both latitudes, with amplitudes of ~5-10 ms -1 and more rapid decreases in amplitude at 54.6 o N at higher altitudes. Meridional mean winds are more variable at both latitudes during fall and winter, with both poleward and equatorward monthly means indicating longer-period variability.
Planetary waves seen in the 2-day mean data are episodic and variable at both sites, exhibit dominant periodicities of ~8-10 and 16-20 days and are more confined to late fall and winter at 54.6 o N. At both latitudes, planetary waves in the two period bands coincide closely in time and exhibit similar horizontal velocity covariances that are positive (negative) at 54.6 o N (53.8 o S) during peak planetary wave responses.
Introduction
Ground-based studies of the mesosphere and lower thermosphere (MLT) have addressed inter-hemispheric differences in mean temperatures and winds, tides, planetary waves (PWs), gravity waves (GWs), and the constituent distributions and microphysical processes that depend on them from mid-to polar latitudes [e.g., Vincent et al., 1988; Avery et al., 1989; Portnyagin et al., 1993a Portnyagin et al., , b, 2006 Fraser et al., 1995; Huaman and Balsley, 1999; Dowdy et al., 2001 Dowdy et al., , 2007 Chu et al., 2003; Kishore et al., 2003; Riggin et al., 2003; Day and Mitchell, 2010a, b; . Similar studies employing satellite data have provided a more uniform global perspective for specific fields, in particular mean stratospheric and MLT temperatures, tidal and PW signatures in MLT temperatures, and polar mesospheric cloud (PMC) distributions that depend critically on mesopause temperature and H 2 O distributions [e.g., Andrews, 1989; Siskind et al., 2003; Hervig and Siskind, 2006; Huang et al., 2006; Bailey et al., 2007; Xu et al., 2007a,b; Mukhtarov et al., 2010] .
Inter-hemispheric comparisons of MLT wind fields have been more limited to date.
Nevertheless, measurements by HRDI aboard the UARS satellite, TIDI aboard the TIMED satellite, and several meteor and medium-frequency (MF) radars at polar latitudes have revealed inter-hemispheric asymmetries in mean, tidal, and PW wind fields [e.g., Vial, 1989; Burrage et al., 1995; Oberheide et al., 2006; Day and Mitchell, 2010a,b; Iimura et al., 2010, 2011, and  references therein]. Mean zonal winds were seen to be stronger over Syowa Station (~69 o S) than over Andenes, Norway (~69 o N) by ~10 ms -1 in summer and winter, while mean meridional winds were seen to be stronger over Syowa in summer, but weaker in winter . Larger non-migrating semidiurnal tides were also seen to occur over the Antarctic than over the Arctic [Iimura et al., 2010] . In contrast, ~16-day wave amplitudes and seasonal occurrence were found to be very similar between the Arctic and Antarctic at ~68 o N and S [Day and Mitchell, 2010b] , though large interannual variability was also noted.
Our purpose in this paper is to employ new capabilities for conjugate inter-hemispheric MLT wind measurements that recently became available with the installation of a newgeneration meteor radar at the southern tip of South America. The Southern Argentina Agile
MEteor Radar (SAAMER) began measurements in May 2008 at Rio Grande, Tierra del Fuego (TdF), Argentina (53.8 o S, 67.7 o W) [Fritts et al., 2010, hereafter F10] . This radar is closely conjugate in latitude to a similar meteor radar at Juliusruh (JLR), Germany (54.6 o N, 13.6 o E) . Wind measurements with each radar are employed for a conjugate study of the mean and PW wind fields measured with the TdF and JLR radars during the 24 months since installation of the TdF radar. A parallel conjugate study of MLT tides at these two sites is provided by Singer et al. [2011] . Descriptions of the radars and our analysis methods are provided in Section 2. Sections 3 and 4 present our measurement results and discussion of the monthly mean winds and PW structures, respectively. A discussion of these results and our conclusions are provided in Sections 5 and 6.
Radar Descriptions and Data Analysis

Radar descriptions
As described by F10, SAAMER on TdF was specifically designed to enable highresolution definition of the large-scale wind field. This is accomplished with a radar frequency and bandwidth of 32.55 and 0.3 MHz, respectively, a peak power of 60 kW, and an eightantenna transmitting array using three-element crossed Yagis. This configuration directs the majority of radar power into eight beams centered at an off-zenith angle of ~35 o . Five receiver channels enable redundant meteor position definition. A 2-baud, 26-µs pulse yields a 2-km range 5 resolution that is oversampled by 2 times. The pulse repetition frequency is 2144 Hz. These capabilities yield an average ~20,000 accepted meteor detections each day (monthly means from ~8,000 to 24,000) at <50 o zenith angles and ~90% of these occurring between altitudes of 80 and 100 km. These meteor detections are easily sufficient to define the mean and PW motions of interest here with high precision. Additional details are provided by F10.
The JLR meteor radar employed for this study is identical to the one observing until August 2001 , 2004a , 2004b , 2005 , Szasz et al., 2005 . The radar operates at a frequency of 32.55 MHz with a peak power of 15 kW, a pulse length of 13.3 µs, and a pulse repetition frequency of 2144 Hz. The system utilizes a three-element Yagi antenna for transmission and a five-antenna interferometer for reception. This antenna configuration determines a meteor location with resolutions of 2 km in range and 2° in angle. Daily count rates vary between ~6,000 and ~13,000 accepted meteors throughout the year.
Data analysis
Hourly mean zonal and meridional winds were determined by fitting a mean horizontal wind in each 3-km altitude bin centered from 81 to 99 km for each hour of meteor radial velocity measurements at off-zenith angles between 10 and 55 o . These estimates included ~120
meteors/hour at 90 km on average, and a minimum count of 5 meteors/hour was required for a valid horizontal wind estimate. Daily and 2-day mean zonal and meridional winds were then computed for each day if a minimum of 12 and 36 hourly wind estimates were available, respectively. Daily means effectively remove tidal motions, while 2-day means minimize contributions from the quasi-2-day wave (2DW), and reduce contributions by the 5-day wave.
Missing daily or 2-day means were interpolated from 3 rd -order spline fits.
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PW contributions to the motion field were identified and analyzed in several ways. An Stransform analysis [Stockwell et al., 1996] was performed to reveal the annual variations of the dominant PW periods at each site. For our purposes here, the S-transform employed a Gaussian full-width half maximum equal to the period evaluated. Given the dominant periods observed, the structure and variability of these motions are examined in greater detail by employing bandpass filters spanning periods of 7-12, 12-24, and 24-50 days, respectively [Isoda et al., 2002; Murphy et al., 2007] . Band pass winds were also employed to compute PW wind hodographs, variances, and horizontal momentum fluxes to aid the interpretation of these motions. Our analyses employing these results are discussed in detail below.
Mean Winds
Zonal and meridional winds from 81 to 96 km averaged for 2 and 30 days are shown in westward mean winds at higher altitudes and PW influences on 2-day mean winds are much larger than over JLR (see Figure 1 ). Nevertheless, they appear to occur ~1-2 months after spring equinox (see the apparently later transition in 2008 than in 2009) and to descend somewhat more quickly to the lowest altitudes over TdF than over JLR. Magnitudes are similar between sites, and there is discernable but slow variability in the 30-day means at the higher altitudes at each site having a periodicity of ~100 days.
Eastward 30-day mean winds extend from ~1 month before fall equinox to after spring equinox throughout the altitude interval measured over JLR, and are even more extended in time over TdF. These fall and winter eastward mean winds are more variable in time at each site than during spring and summer, with apparent periodicities of ~60-90 days. Also seen is a reduction in eastward mean winds over JLR during January 2009 at higher altitudes and a corresponding strong enhancement during February 2009 accompanying the strongest and most persistent sudden stratospheric warming ever observed [Manney et al., 2009] .
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The onset of persistent equatorward 30-day mean winds (see the 2 nd and 4 th panels of Figure 2 ) is highly variable over both sites, varying from as much as ~2 months before to ~1 month after spring equinox during our observation period. 30-day mean equatorward winds persist for ~5-6 months over both sites, with the onset and cessation over each site apparently strongly influenced by PW activity extending from ~fall to spring equinox. 30-day mean equatorward winds exceed 10 ms -1 below ~90 km near summer solstice over JLR, but are somewhat weaker and extend to higher altitudes near summer solstice over TdF. 30-day mean meridional winds from fall to spring equinoxes are seen to be much more variable over both sites, with weak poleward seasonal means, poleward and equatorward 30-day means over both sites, and greater apparent variability over TdF.
Planetary Waves
S-transforms
A more quantitative perspective on zonal and meridional wind variability on PW time scales is provided in Figure 3 with S-transforms of the 2-day mean winds at 84 and 96 km (left and right) over JLR and TdF (top and bottom). These exhibit significant differences between the two altitudes at each site. Strong seasonal responses are seen simultaneously at 84 and 96 km in a number of cases, but there are other strong responses at one altitude that are not significant at the other (especially in the zonal component over TdF). Also seen is a tendency for greater temporal confinement of the strong PW responses over JLR (top panels), with the strongest responses extending from slightly before winter solstice into February (~2 months after winter solstice).
Responses over TdF (bottom panels), in contrast, begin ~1-2 months before winter solstice, Observed PW periods are generally consistent with the normal modes expected from classical theory assuming a stationary, isothermal, and inviscid atmosphere [Volland, 1988; Forbes, 1995] . Normal modes having the gravest zonal wavenumber s = 1 are expected (and observed) to exhibit a range of periods from ~5 days to ~16 days, with westward phase speeds varying inversely with the period. However, their latitudinal and vertical structures and periods may differ significantly from the idealized modal structures due to the variations of mean winds and temperatures with latitude and altitude [Salby, 1981a,b] .
PWs appear in the MLT in number of ways. Evidence suggests that 5-day and 16-day waves arising at lower altitudes in the winter hemisphere propagate directly into the winter MLT, but may also appear in the summer MLT due to propagation from the winter hemisphere at altitudes above the summer mesospheric jet Miyoshi, 1999; Riggin et al., 1999] . PW westward phase speeds are comparable to westward mean winds in the summer stratosphere and mesosphere, suggesting possibilities for generation or amplification by barotropic, baroclinic, or optimal instabilities as well as PW-mean flow interactions [e.g., Simmons et al., 1978; Charney and Straus, 1980; Hirooka and Hirota, 1985; Smith, 1985; Randel et al., 1987; Farrell, 1988; Farrell and Ioannou, 1992] . PWs have also been suggested to arise from in situ excitation in the MLT due to differential momentum deposition in the MLT accompanying modulation of GW sources or filtering at lower altitudes [Williams and Avery, 1992; Forbes et al., 1995; Smith, 2003] .
While longer-period oscillations are seen in the MLT at equatorial and higher latitudes [e.g., Eckermann et al., 1997; Luo et al., 2001] , these are likely not PW normal modes, given the observed phase structures and expectations of strong influences by mean winds at these periods [see Forbes, 1995, and references therein] . Instead, they appear to accompany longer-period oscillations, e.g., the Madden-Julien oscillation [Madden and Julien, 1994] , which modulate tropical convection in the troposphere.
Of the various PW modes anticipated by theory, we thus expect the most prominent to be the "10-day" and "16-day" PWs within the frequency band displayed in Figure 3 , based on observations at many sites. Our S-transform results are consistent with this, and with the expectation of strong wave-wave and wave-mean flow interactions and the rapid temporal variability of the wind fields accompanying these various interactions.
Band pass results
In order to determine which PW periods contribute the dominant zonal and meridional wind responses having continuity in altitude, we examine the S-transform results as functions of contours of the zonal and meridional winds over JLR and TdF (at top and bottom) for 7-12 and 12-24 day band passes. Shown in Figure 6 are the band-passed zonal and meridional amplitudes at 3-km intervals from 81 to 96 km for the 7-12 and 12-24 day band passes over JLR and TdF (at top and bottom, respectively) for fall and winter seasons over JLR and for the full annual cycle over TdF, to more easily display relative phases and amplitudes within and between these PW bands.
~8-10 day PWs
Considering first the 7-12 day band pass results shown in Figure 5 (chosen to largely exclude influences of the 6.5-day PW), we see that the ~10-day PWs over JLR exhibit distinct late-fall to early-winter maxima extending over ~2-3 months during the two years studied. These amplitudes are also displayed in the upper panels of Figure 6 at each altitude for the two fall and 13 winter seasons with the wind components overlaid to more easily identify their relative phases.
We note that these band-passed amplitudes exhibit both smoothed temporal variability and somewhat smaller maximum amplitudes (now ~20 ms -1 ) than seen in the S-transforms in Figure   3 . This is expected for the relatively narrow band passes necessary to distinguish between closely spaced PW periods examined here. Also seen clearly is the commencement of the ~10-day PW 
~16-20 day PWs
Amplitude and phase structures for PWs having periods of ~16-20 days using a 12-24 day band pass are shown as contour plots in Figure 7 and as time series at specific altitudes in the 2 nd and 4 th panels of Figure 6 . These results exhibit similar seasonal variability to that seen for ~8-10 day PWs, with the major responses over JLR largely confined to fall and winter seasons, 
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Variations of phase with altitude and time also imply varying phase relations between the wind components. The early evolution of the second event exhibits a nearly quadrature relation between zonal and meridional winds during November and December 2009 at lower altitudes, but a more nearly in-phase relation at higher altitudes as the maximum amplitudes are achieved.
Apparent superpositions thereafter yield more jumbled phase structures, with little coherence in altitude or time, except for the strong ~15-day response from mid January to mid February.
Amplitudes and phases of the ~16-20 day PWs over TdF are shown with contour plots in the lower panels of Figure 7 and at specific altitudes in the lower panel of Figure 6 . As seen over JLR, the largest responses occur primarily during fall and winter (~April through September), but also extend into spring (October and November) at lower and higher altitudes, respectively.
Unlike JLR, significant amplitudes are also observed during summer, consistent with the behavior noted for the ~8-10 day amplitudes observed over TdF. In contrast with the ~16-20 day PWs seen over JLR, but consistent with the ~8-10 day PWs seen over TdF, the ~16-20 day PWs seen over TdF during both fall/winter seasons exhibit a largely anti-phase relation between the wind components wherever larger amplitudes are observed, except in June 2008. This occurs despite the apparently more temporally variable PW amplitudes, periods, and phase structures over TdF at these times. This variability suggests more significant PW superpositions within this band pass than over JLR during the comparable northern hemisphere seasons. Given this, it is even more surprising that the phases of the zonal and meridional components are so highly anticorrelated during these times.
wind hodographs
Hodographs of the monthly 7-12 day band-passed winds at 81 and 96 km are shown in Hodographs of the monthly 12-24 day band-pass winds at 81 and 96 km are shown in Figure 9 for the fall and winter seasons over JLR and TdF. As noted in the discussion of Figures 5-7 and seen for the 7-12 day band-pass hodographs above, distinct maxima over JLR occur from ~November to February each year. In most cases, there is a clear counter-clockwise rotation of the wind vector, except where evidence of PW superposition is observed. There is also a weak tendency for positive correlations between zonal and meridional winds during the growth phases of these events, with less distinct correlations during the decay phases.
As seen for the 7-12 day band pass hodographs, those for the 12-24 day band pass in Figure 9 reveal a very different PW morphology over TdF in austral fall and winter than seen over JLR. While there are individual months that exhibit winds comparable to those seen over JLR, maxima appear to occur during late fall and winter, and there is a tendency for negative correlations between zonal and meridional winds (and an anti-symmetric response about the equator), there is also significantly greater amplitude and phase variability with altitude and time over TdF than seen over JLR. This suggests a more complex superposition of PWs at southern than northern latitudes during fall and winter seasons.
horizontal velocity variances
Horizontal velocity variances in the 7-12 day and 12-24 day PW band passes are shown over JLR in the upper left panels and over TdF in the lower left panels of Figure 10 . These illustrate much more clearly than the S-transforms and band pass winds the temporal and altitude localization of PW activity within each band pass. The upper panels reveal that PW activity is highly localized from ~November to February each year over JLR, and that significant variances in the 12-24 day band pass typically precede or accompany enhanced variances in the 7-12 day band pass and are also coincident in altitude. Surprisingly, the variances in the two bands also have comparable magnitudes during the dominant responses in January and February 2010, ~300 m 2 s -2 , suggesting peak 30-day mean RMS amplitudes of ~13 ms -1 assuming comparable amplitudes in both components.
PW activity over TdF is more broadly distributed throughout the year, but with primary maxima typically occurring during fall and winter. 
horizontal momentum fluxes
Horizontal momentum fluxes implied by the correlations between wind components seen in the hodographs discussed above are shown continuously in time and altitude in the right panels of Figure 10 in the same format as the band pass variances at left for easy reference.
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Comparing these panels, we see immediately that the variance maxima seen in both band passes over JLR coincide closely with positive momentum flux maxima.
Identical arguments about the correlations between PW variances and momentum fluxes over TdF can be made by examination of the corresponding variances and momentum fluxes shown in the two PW bands in the lower panels of Figure 10 . In this case, however, the most conspicuous negative momentum flux maxima seen at lower right correlate strongly with the variance maxima in each PW band pass seen at lower left. As seen over JLR, mean momentum fluxes over TdF from mid-spring through mid-summer are weakly positive and of the opposite sign to the strong fall and winter responses.
Discussion
As seen above, mean eastward and westward winds over JLR and TdF in winter and summer are comparable at lower altitudes, with peak magnitudes of ~20-30 ms -1 , with slightly larger maxima over TdF, apart from the anomalous peak over JLR in February 2009 following the largest stratospheric warming on record. At higher altitudes, monthly mean winds are predominantly eastward over JLR and entirely eastward over TdF, with summer maxima more distinct over JLR and magnitudes of ~30 ms -1 or greater over both sites. Comparing these mean winds with those measured over Andenes (69 o N) and Syowa (69 o S) by Iimura et al. [2011] from 1999 to 2010, we see that summer westward winds are comparable at the northern latitudes and stronger at the higher southern latitude, but that winter eastward winds are significantly weaker at the higher latitudes in each hemisphere.
Mean equatorward winds in summer were seen in our discussion above to be stronger over JLR (>10 ms -1 ) than over TdF at lower altitudes, but to be centered at somewhat higher altitudes over TdF. Mean meridional winds in winter, in contrast, are weak and poleward in the seasonal means at JLR and TdF, but highly variable in the monthly means. Comparing these results with those of Iimura et al. [2011] , we see that the equatorward summer winds over JLR are larger than over Andenes, but that this latitudinal gradient is reversed at southern latitudes, with equatorward winds somewhat larger over Syowa than over TdF, but also much more confined in altitude. Mean meridional winds in winter at higher latitudes (Andenes and Syowa)
are likewise weak in both hemispheres. But both also exhibit a reversal from mean poleward motions at lower altitudes to mean equatorward motions at higher altitudes, in sharp contrast with the winds over JLR and TdF.
PW results presented above are generally consistent with previous studies of the "10-day"
and "16-day" waves at middle and high latitudes. Large PW amplitudes are largely confined to fall and winter seasons, but smaller amplitude responses occur throughout the year over both JLR and TdF. Large amplitudes in both bands are also more narrowly confined to late fall and early winter over JLR than over TdF, and more so in the meridional than in the zonal winds at both sites. The former appears to differ from the 16-day wave results of Day and Mitchell [2010b] for Rothera and Esrange at somewhat higher latitudes, but may be a further indication of the significant inter-annual variability noted in both studies. The latter is consistent with the occurrence statistics reported by Murphy et al. [2007] for their 8-16 day band pass results over Davis, Antarctica. Maximum amplitudes of the ~16-day wave in our 12-24 day band pass exceed 20 ms -1 at both JLR and TdF, and are thus somewhat larger than seen by Day and Mitchell [2010b] over Esrange (68 o N) and Rothera (68 o S) and by Murphy et al. [2007] over Davis (69 o S).
Our maximum amplitudes are ~100% larger than observed at comparable northern latitudes by Mitchell et al. [1999] over Sheffield (54 o N), by Forbes et al. [1995] over Obninsk (54 o N) and Saskatoon (52 o N), and by Luo et al. [2002] at multiple locations. Maximum amplitudes of the ~10-day wave are ~20-50% smaller than those of the ~16-day wave. These differences may not be significant, however, given the different radars and band pass methods employed for each study. Maximum amplitudes of the ~10-day wave in our study also exceed 20 ms -1 , but are typically somewhat smaller than for the ~16-day wave.
Where PW amplitudes are large and the rotation of the wind vector is well defined, the predominant sense of rotation is counter-clockwise over JLR. This is consistent with that seen for the 16-day over Sheffield by Mitchell et al. [1999] . Orbital ellipses are less well defined, in general, over TdF, and may be an indication of more significant PW superpositions or interactions at southern latitudes.
The temporal behavior of the significant PW responses in the S-transforms displayed in and time than can be accomplished with discrete wind measurements. We also note that our negative momentum fluxes over TdF are of the same sign as the mean over Davis during Austral winter , but that the mean positive momentum fluxes seen over Davis from [Manney et al., 2009 ], 4) equatorward monthly mean winds during late spring and early summer at each site that achieve amplitudes of ~5-10 ms -1 at lower altitudes, with slightly larger amplitudes over JLR and amplitudes decaying more slowly at higher altitudes over TdF, and 5) meridional mean winds during fall and winter that are weakly poleward (except during the January 2009 stratospheric warming) and more variable than during spring and summer because they are significantly impacted by PW and lower-frequency oscillations.
Both JLR and TdF exhibit PW and longer-period oscillations extending from ~8-40 days.
Shorter-period PWs were specifically excluded from this analysis. Dominant PW responses occur at periods of ~8-10 and 16 days over both sites, with these motions more strongly confined 25 to late fall and early winter months over JLR than over TdF. These responses are more nearly coincident over JLR and more typically sequential over TdF, suggesting different source and/or interaction dynamics in the two hemispheres. Horizontal momentum fluxes evaluated by the two radars are typically strongly positive (negative) over JLR (TdF) during large PW responses, suggestive of sources due to barotropic instability. However, these radar wind measurements by themselves are insufficient to diagnose the potential PW-mean flow dynamics fully, and an expanded study employing satellite data is envisioned for this purpose.
To investigate the possible indications of PW-mean flow interactions further, the behavior at JLR and TdF must be placed into a global-scale context. Satellite winds from TIMED, and temperatures from TIMED or EOS/MLS, will be used to define the PW fields at these and other latitudes in a follow-on to the present study. The global extent of these data will enable calculation of meridional gradients of PW momentum fluxes, and their effects on the mean flow. Satellite data will also allow the role of heat fluxes to be examined. 
